In the context of polypharmacology, an emerging concept in drug discovery, promiscuity is rationalized as the ability of compounds to specifically interact with multiple targets. Promiscuity of drugs and bioactive compounds has thus far been analyzed computationally on the basis of activity annotations, without taking assay frequencies or inactivity records into account. Most recent estimates have indicated that bioactive compounds interact on average with only one to two targets, whereas drugs interact with six or more. In this study, we have further extended promiscuity analysis by identifying the most extensively assayed public domain compounds and systematically determining their promiscuity. These compounds were tested in hundreds of assays against hundreds of targets. In our analysis, assay promiscuity was distinguished from target promiscuity and separately analyzed for primary and confirmatory assays. Differences between the degree of assay and target promiscuity were surprisingly small and average and median degrees of target promiscuity of 2.6 to 3.4 and 2.0 were determined, respectively. Thus, target promiscuity remained at a low level even for most extensively tested active compounds. These findings provide further evidence that bioactive compounds are less promiscuous than drugs and have implications for pharmaceutical research. In addition to a possible explanation that drugs are more extensively tested for additional targets, the results would also support a "promiscuity enrichment model" according to which promiscuous compounds might be preferentially selected for therapeutic efficacy during clinical evaluation to ultimately become drugs.
Introduction
Polypharmacology is an emerging theme in pharmaceutical research [1] [2] [3] . It refers to increasing evidence that the therapeutic efficacy of many drugs depends on multi-target engagement. For example, this is by now well established for protein kinase inhibitors used in cancer therapy [4] . In the context of polypharmacology, compound promiscuity has been defined as the ability of small molecules to specifically interact with multiple targets [5, 6] , as opposed to engaging in non-specific or apparent interactions. Accordingly, so-defined promiscuity should not be confused with undesired pan-assay interference (PAINS) [7] or aggregator characteristic of compounds, giving rise to many false-positive assay readouts and doomed compound optimization efforts. PAINS are typically reactive under assay conditions and the different types of undesired reactions associated with major classes of PAINS have been detailed [8] . Rather, promiscuity can be rationalized as the molecular basis of polypharmacology, which might also result in unwanted side effects due to specific target engagement.
Given the increasing sizes of compound databases and volumes of activity data, promiscuity of drugs and bioactive compounds can be estimated through computational data mining. Several studies have attempted to determine the numbers of targets drugs or bioactive compounds are known to be active against, focusing on premier public domain databases such as DrugBank [9] , a major source of drug-target annotations, ChEMBL [10, 11] , the major public repository of compound activity data from medicinal chemistry, or the PubChem BioAssay collection [12] , the major public repository of screening data, as well as various commercial compound databases. For example, surveys of drug targets have indicated that drugs interact on average with two to seven targets, depending on their primary target families and therapeutic areas, and that more than 50% of current drugs might interact with more than five targets [3] . On the basis of most recent estimates focusing on high-confidence activity data (i.e., welldefined single-target assays and precise activity measurements), approved drugs bind on average to 5.9 targets, whereas bioactive compounds from medicinal chemistry sources bind to 1.5 targets [13] . Interestingly, the average degree of compound promiscuity (i.e., average number of targets a compound is active against) was not notably higher for compounds active against major therapeutic targets such as G protein coupled receptors (GPCRs) or protein kinases [13] . Furthermore, mean degrees of promiscuity were not significantly higher for active compounds from confirmatory assays with, on average, 2.5 targets per compound [13, 14] . Moreover, the degree of promiscuity of bioactive compounds covering the current spectrum of therapeutic targets did not significantly increase over time when high-confidence activity data were analyzed, despite the rapid growth in assay and activity data during recent years. For example, between 2004 and 2014, when most significant data growth occurred, detectable compound promiscuity remained essentially constant, with on average 1.5 targets per bioactive compound [15] . When promiscuity of drugs was followed over time, moderate increases in the degree of promiscuity were detected, albeit larger than for bioactive compounds, with the average degree increasing from 1.5 in 2000 to 3.2 in 2014 [16] . It was also observed that average degrees of promiscuity of drugs were frequently influenced by small numbers of highly promiscuous drug molecules [13] . Taken together, these studies have indicated that drugs are on average much more promiscuous than bioactive compounds, which are overall characterized by relatively low degrees of detectable promiscuity [13, 15, 16] , especially on the basis of high-confidence activity data.
Considering the very large amounts of compound activity data that are already available [17, 18] , data mining should be expected to yield statistically meaningful promiscuity estimates [18] . On the other hand, there is the frequently discussed issue of data incompleteness [19] , referring to the fact that not all available compounds have been tested against all targets. The generation of a complete compound-target activity matrix has been put forward as the ultimate goal of chemogenomics [20] , which will most likely remain elusive. Regardless, due to data sparseness, the detectable degree of compound promiscuity might often be lower than true promiscuity, although it is unclear how large discrepancies might be.
In this context, it must also be taken into consideration that major compound repositories such as ChEMBL and DrugBank, upon which promiscuity estimates are based, collect activity annotations of compounds reported in the literature, but do not contain assay frequency or inactivity information, which is typically not reported. No major public compound database contains information of how many times a compound might have been tested so far against how many targets. Therefore, it is not possible, for example, to relate promiscuity degrees to assay frequency across different targets.
One possibility to extend promiscuity analysis through inclusion of assay frequency information is provided by screening data available in the public domain, with PubChem being the major repository. While it is not possible to directly access assay frequency information on a per compound basis, the data are available and it can be determined how many times a compound was tested in different screening assays and how often -and against which targets-it was found to be active. Recently, a web-based search tool has been introduced to retrieve such information from PubChem for individual query compounds [21] . However, for global and large-scale promiscuity analysis, assay and activity profiles must be determined systematically for all source compounds and analyzed in context.
In light of the above, we have reasoned that computational compound promiscuity analysis might be brought up to the next level by examining activity profiles of compounds that have been extensively assayed, thus addressing data sparseness issues in a previously unconsidered manner. To these ends, we have undertaken a large-magnitude analysis on the basis of currently available PubChem assay data. In a first data curation step, it was determined for each screening compound how often it was assayed and found to be active in primary screens as well as confirmatory assays. In the second step, promiscuity analysis was carried out for a large number of extensively tested compounds. In the following, our analysis and the results are presented in detail.
Material and Methods

Assay Categories
Assay data were taken from the PubChem BioAssay collection (accessed on 7 th September 2015) [12] , which contains different categories of assays including primary and confirmatory assays. Primary assays represent original screening data in which the activity assessment is based on percentage inhibition from a single dose. In this case, a compound is classified as active if it reduces target activity below an assay-specific threshold of residual activity. The threshold is often determined on the basis of the activity value distributions resulting from the screen. Accordingly, primary screens produce activity annotations of test compounds (i.e., active vs. inactive) but often not activity values. By contrast, confirmatory assays monitor activity measurements at varying compound concentrations and typically yield IC 50 values derived from titration curves. In biological screening, it is common practice to re-evaluate initial screening hits in confirmatory assays. However, not all primary assays in PubChem have confirmatory counterparts and vice versa, for at least two reasons. First, primary or confirmatory assays are often independently deposited; second, increasing numbers of initial screens also use varying concentrations of test compounds for activity measurements and are thus confirmatory in nature. In general, activity annotations from primary screens have lower confidence than activity values from confirmatory assays, suggesting to best analyze them separately.
Data Collection
Primary and confirmatory assays were selected, as described below. From all available primary assays, only RNA interference (RNAi) screens were removed. Accordingly, all chemical screens were retained including primary cell-based assays for which no individual target was specified.
For confirmatory assays, a series of selection criteria was applied using the PubChem BioAssay search interface [22] . First, "On Hold BioAssays" was set to "no hold". Second, the type of bioassays was specified by setting "Substance type" to "chemical"; "Screening stage" to "confirmatory, dose-response"; and "Target" to "single". Third, the "Target type" was set to "protein target". Accordingly, all confirmatory assays in which chemical compounds were tested against single target proteins with dose-response measurements were selected. Fourth, "Activity (IC 50 , etc)" was set to "specified" and "Activity outcome" to "active". From each qualifying primary or confirmatory assay, only compounds classified as active or inactive were taken, whereas compounds with designations such as unspecified or inconclusive were discarded. For promiscuity analysis, compounds were prioritized that were tested in both primary and confirmatory assays, as rationalized below. For each compound, its identifier in PubChem (i.e., PubChem cid), the number of primary and confirmatory assays it was tested in, the number of primary and confirmatory assays in which it was active, and the number of unique targets from primary and confirmatory assays with activity were recorded.
The complete set of 437,257 compounds with assay and activity information has been made freely available as a ZENODO deposition [23] .
Assay vs. Target Promiscuity
In our analysis, two types of promiscuity were distinguished. The degree of assay promiscuity was defined as the number of assays in which a compound was active. Assay promiscuity was determined by collecting all activity annotations from primary and confirmatory assays, respectively. Hence, different assays for the same target were counted individually. In addition, the degree of target promiscuity was defined as the number of unique targets a compound was active against across all assays. As a hypothetical example, a compound C was tested in assays 1-5 for a target T 1 and in assays 6-10 for another target T 2 and found to be active in assays 1, 2, 3, 8, and 10. Then, the corresponding assay and target promiscuity for C was five and two, respectively, indicating that the compound was active in a total of five assays against two targets. If another compound would be tested in 50 assays and found to be active in, for example, 14 against the same two targets, its assay promiscuity would be 14 and its target promiscuity would still be two. Hence, this would further differentiate between compounds having the same degree of target promiscuity. Therefore, these two promiscuity measures are complementary in nature. If no large and/or systematic discrepancies between assay and target promiscuity would be observed, there would be no indication of potential assay bias or false negatives that might affect target promiscuity analysis. Hence, considering assay and target promiscuity in context provides additional information. We also note that the degree of assay promiscuity of a compound may exceed its degree of target promiscuity, whereas target promiscuity cannot exceed assay promiscuity. Assay and target promiscuity were separately determined for compounds from primary and confirmatory PubChem assays.
Results
Assay and Compound Selection Strategy
A total of 1358 qualifying primary and 1823 confirmatory assays were obtained. Primary assays included 297 cell-based assays from which only assay promiscuity but not target promiscuity was determined. From primary and confirmatory assays, 836,585 and 457,842 unique compounds were selected, respectively, as reported in Table 1 . These assays were directed against 476 (primary assays) and 632 (confirmatory) targets. Taken together, these assays covered a total of 824 unique targets. Furthermore, from all assays, a total of 146,270,306 and 37,808,671 assay-compound records were assembled, each of which reported the activity or inactivity of a given compound in an individual assay (Table 1) .
From the PubChem BioAssay collection, the number of qualifying primary and confirmatory assays and corresponding targets is reported. In addition, the number of unique compounds tested in these assays is given. Furthermore, the total number of assay-compound records including active and inactive compounds is provided.
Next, the two large sets of compounds from primary or confirmatory assays were further compared. A subset of 437,257 compounds was tested in both primary and confirmatory assays. The remaining 399,328 and 20,585 compounds were evaluated only in primary or confirmatory assays, respectively. Of nearly 400,000 compounds tested exclusively in primary assays,~73% were only evaluated in one to 10 primary assays. By contrast, only 1.5% of these compounds were tested in more than 50 assays. Furthermore, nearly 91% of these compounds were found to be consistently inactive in all primary assays they were tested in. These findings indicated that compounds tested exclusively in primary assays had low assay frequency and were predominantly inactive and thus not suitable for our promiscuity analysis. Similarly, 75% of the 20,585 compounds exclusively tested in confirmatory assays were only evaluated in one to 10 and only~4% of these compounds were tested in more than 50 assays. Hence, these infrequently assayed compounds were also not considered suitable for promiscuity analysis.
By contrast, the 437,257 compounds that were tested in both primary and confirmatory assays exhibited distinctly different assay frequencies. In this case,~95% of the compounds were tested in more than 50 primary and/or confirmatory assays. Moreover,~85% of these compounds were evaluated in a total of more than 100 assays. Hence, this subset of 437,257 compounds was extensively tested in both assay categories and strongly preferred for our analysis. Fig 1A and 1B , the distribution of compounds over primary and confirmatory assays is shown, respectively. The majority of these compounds were tested in hundreds of primary assays, with a mean of 325 assays per compound and a median of 347 assays. In addition, many compounds were also evaluated in more than 100 confirmatory assays (with a mean of 86 and median of 93 assays per compound). Fig 1C shows the distribution for combined primary and confirmatory assays, which confirms that most compounds were extensively evaluated, with a mean of 411 assays per compound and a median of 437 assays. More than 287,000 compounds were tested in a total of 400-848 assays. Hence, the selected compounds provided an unprecedented source for promiscuity analysis.
Assay Frequency Distribution
Consistently Inactive Compounds
Although the compounds were tested in hundreds of assays against hundreds of targets, large numbers of consistently inactive compounds were detected, as reported in Fig 2. In primary (Fig 2A) and confirmatory assays (Fig 2B) , a total of 169,839 and 240,650 compounds were consistently inactive, respectively. Furthermore, 119,256 compounds were found to be consistently inactive in both primary and confirmatory assays. Fig 3 shows examples of structurally diverse compounds that were extensively tested, often in nearly or more than 700 assays, yet consistently inactive. The observation that 27.3% of the subset of extensively tested compounds was not active in any assay also indicated that there was no general tendency to produce false-positive assay signals, despite very large number of assays that were considered. Furthermore, these findings might also be viewed in light of recently described "dark chemical matter", i.e., compounds that have been identified as consistently inactive in high-throughput screening assays of drug discovery projects but that might nonetheless have interesting activities and functional effects in other assay formats [24] .
sample of compounds tested in 600 to 700 assays where an increase was noted. Similar observations were made for confirmatory assays, with the exception of a moderate increase in the spread of promiscuity degrees for compounds tested in 150-250 assays. Fig 6 monitors changes in the degree of target promiscuity for compounds evaluated in increasing numbers of primary ( Fig 6A) and confirmatory assays (Fig 6B) . The distributions and median degrees of target promiscuity closely corresponded to those of assay promiscuity. For increasing numbers of (a) primary and (b) confirmatory assays, the distribution of assay promiscuity is reported in a box plot format. The plot gives the smallest Fig 7 shows examples of highly promiscuous compounds that were active in more than 100 or 200 assays and largely responsible for increases in the average over median degree of promiscuity. Most of these compounds contained PAINS substructures [7, 8] and were thus prone to assay artifacts. The filter for PAINS substructures in compounds was implemented using pattern checker [25] available in ZINC 15 in which a list of 480 SMARTS patterns was provided [26] . It should be noted that different implementations of PAINS might result in different mappings due to the conversion of original structural representations into SMARTS or the generation of different SMARTS variants [27] . In addition, different sets of fragments might be used or substructure search routines.
Taken together, the results revealed that assay promiscuity was higher than target promiscuity, as we would anticipate. However, the differences were small, as the average degree of assay promiscuity only increased by 1.3 and 0.4 in primary and confirmatory assays, respectively. The differences were even smaller for median promiscuity degrees. In addition, the mean and median degrees of assay or target promiscuity also only differed by less than 1 or 2.
Discussion
Target promiscuity of drugs and other bioactive compounds has thus far been studied on the basis of available activity annotations. Most recent surveys exclusively considering high-confidence activity data have resulted in average degrees of target promiscuity of 5.9 for approved drugs and 1.5 for bioactive compounds from medicinal chemistry sources [13] . Furthermore, the average degree of target promiscuity of compounds taken from confirmatory bioassays was 2.5 and thus also small [14] . Promiscuity estimates were generally higher for drugs than bioactive compounds. The higher degree of promiscuity among drugs might result from more extensive testing, but this remains uncertain. It is also possible that drug candidates that are successful in clinical trials might be more promiscuous than others.
Promiscuity analyses reported so far were based on known activity annotations, without taking assay frequencies or inactivity records into account, which are not available in major compound databases. This has generally been a point of concern, although very large volumes of activity data are already accessible, from which statistically meaningful trends can likely be derived. In light of data incompleteness or sparseness, it is frequently assumed that mining of compound activity annotations inevitably underestimates true compound promiscuity. This is likely the case although it remains unclear how large deviations from current promiscuity estimates might be.
We have set out to address these issues and further refine promiscuity analysis. Since it will hardly be possible to obtain a complete, or nearly complete, compound-target activity matrix any time soon, if at all, promiscuity analysis can at present only be further extended through incorporation of screening data. In addition, to address data sparseness concerns, compounds must be identified that have been extensively tested against many different targets.
Therefore, we have carried out a large-scale promiscuity analysis focusing on extensively assayed compounds. To our knowledge, this type of analysis is unprecedented. As a basis of our study, assay data were taken from PubChem and assay frequencies determined for all available compounds, which required substantial data curation efforts. For the first time, we also used primary screening data in promiscuity analysis to identify most extensively tested compounds. Because activity annotations from primary screening assays were only approximate in nature, multiple assays were frequently available for the same target, and a limited amount of cell-based assays was also considered, assay promiscuity was distinguished from target promiscuity and separately analyzed.
A subset of~437,000 compounds was identified that were extensively tested in hundreds of assays against hundreds of targets. These compounds were subjected to promiscuity analysis in which primary and confirmatory assay data were separately considered. As expected, we found that assay promiscuity was generally higher than target promiscuity. However, the differences were surprisingly small, only on the order of 1, as reported above.
Given that primary screening data and extensively assayed compounds were used in our analysis, it was anticipated to observe higher degrees of target promiscuity for active compounds than previously reported. Average degrees of target promiscuity of 3.4 and 2.6 were determined for primary and confirmatory assays, respectively. These promiscuity degrees were only moderately higher, even for primary screening assays, than previously determined for ChEMBL compounds with available high-confidence activity data. We also detected small subsets of highly promiscuous screening hits, which led to an increase in average target promiscuity over median promiscuity. Highly promiscuous compounds often contained PAINS substructures and were thus likely to cause assay artifacts. Accordingly, median values might better estimate promiscuity degrees, at least for compounds from screening sources. The median degree of target promiscuity was 2.0 for both primary and confirmatory assays and thus only slightly higher than the corresponding value of 1.5 for ChEMBL compounds.
In conclusion, as revealed by our analysis, target promiscuity remained at a low level for bioactive compounds, even when studying the most extensively assayed compounds that are currently available. These findings lend further support to previously drawn conclusions that bioactive compounds are in general only moderately promiscuous and less promiscuous than drugs. One possible explanation would be that drugs are much more intensively investigated and tested for additional targets than bioactive compounds, for example, in many drug repurposing projects. Alternatively, given that drugs originate from the pool of bioactive compounds, these results also support the idea of a "promiscuity enrichment model". The underlying hypothesis is that promiscuous compounds are preferentially selected for therapeutic efficacy during clinical evaluation and ultimately become drugs. This requires, however, that desired therapeutic effects due to substantial promiscuity outweigh unwanted side effects that are also possible.
